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Abstract 
Purpose: Prostate specific antigen (PSA) density (PSAD) has potential to increase the 
diagnostic utility of PSA, yet has had poor uptake in clinical practice. We aimed to determine 
the diagnostic value of magnetic resonance imaging-derived PSAD (MR-PSAD) in predicting 
transperineal sector-guided prostate biopsy (TPSB) outcomes.  
Materials and Methods: Men presenting for primary TPSB from 2007 to 2014 were 
considered. Histological outcomes were assessed and defined as: presence of any cancer or 
significant cancer defined as presence of Gleason 4 and/or maximum tumour core length 
(MCCL)≥4mm (G4); or Gleason 4 and/or MCCL≥6mm (G6). Sensitivity, specificity and positive 
and negative predictive values were calculated and receiver operating characteristics (ROC) 
curves were generated to compare MR-PSAD and PSA.  
Results: 659 men were evaluated with mean age 62.5±9 years, median PSA 6.7ng/ml (range 
0.5-40.0), prostate volume 40cc (range 7-187) and MR-PSAD 0.15ng/ml/cc (range 0.019-1.3). 
ROC area under the curve (95% CI) was significantly better for MR-PSAD than PSA for all 
cancer definitions (p<0.001): 0.73 (0.70–0.76) vs 0.61 (0.57–0.64) for any cancer; 0.75 (0.71–
0.78) vs 0.66 (0.62–0.69) for G4; 0.77 (0.74–0.80) vs 0.68 (0.64–0.71) for G6. Sensitivities for 
MR-PSAD <0.1ng/ml/cc were 85.0%, 89.9% and 91.9% for any, G4 and G6 cancer, 
respectively. 
Conclusion: MR-PSAD may be better than total PSA in determining risk of positive biopsy 
outcome. Its use may improve risk stratification and reduce unnecessary biopsies.   
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Introduction 
Despite the ubiquity of prostate specific antigen (PSA) as a screening tool for prostate 
cancer, its use as a serum marker suffers from limitations, including an inability to accurately 
distinguish between benign and malignant conditions. This holds particularly true in the 
‘diagnostic grey zone,’ or PSA range of 4-10ng/ml and has led to increasing numbers of men 
undergoing biopsies for benign disease or small volume, low-risk prostate cancer that may 
not require treatment[1]. Given the potentially significant morbidity associated with 
prostate biopsy, screening investigations that decrease this burden merit further study [2].   
PSA density (PSAD) has long had potential to improve the diagnostic utility of serum PSA 
alone by improving specificity whilst preserving sensitivity, but has had poor uptake in 
clinical practice [3]. Transrectal ultrasound (TRUS) is routinely used to estimate prostate 
volume, but is subject to human error resulting in variations in calculated volumes, with 
differences between two consecutive volume estimates ranging from 15.5-25.5% [4,5]. 
Further, if performed at the time of biopsy, its use for screening is limited, while 
undertaking separate pre-biopsy volume assessments are inconvenient, uncomfortable and 
expensive. Alternative methods of volume estimation, including digital rectal examination 
have proven notoriously unreliable [6].  
Previous studies evaluating PSAD have used transrectal prostate biopsies as the reference 
standard, with protocols ranging from 6 to 12 cores [7-9]. In addition to potentially reduced 
accuracy in volume calculation, the transrectal method is flawed, given that a third of men 
with no or low-risk cancer by this sampling method are subsequently found to have 
significant disease on transperineal biopsy [10,11]. One reason for this is the difficulty in 
accessing the prostate via the transrectal approach. The anterior aspect of the prostate is 
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difficult to sample, particularly in larger prostates, while access to the apical region is limited 
by the needle angle achievable through the rectum [12,13]. Transperineal prostate biopsy 
avoids these problems and allows for systematic investigation of the prostate, with studies 
showing high overall detection rates [11,14]. 
Traditionally, magnetic resonance imaging (MRI) has been used as a staging investigation for 
confirmed prostate cancer, but is frequently performed pre-biopsy to prevent post-biopsy 
haemorrhagic artefact [15]. The addition of multiparametric MRI (mpMRI) sequences such 
as diffusion weighted imaging (DWI) and dynamic contrast enhancement (DCE) has led to 
some centres performing MRI as part of the initial diagnostic pathway [16,17]. In fact, the 
recent PROMIS (Prostate MR imaging study) randomised controlled trial found mpMRI to 
have greater sensitivity (93%) compared to conventional TRUS-guided transrectal biopsy 
(48%) [18]. With pre-biopsy MRI, prostate volume can be estimated accurately and non-
invasively, with studies demonstrating improved accuracy in MR-derived volume 
assessment and reduced intraobserver variability compared to TRUS [19,20]. The majority of 
prostate MRI studies have focussed on the utility of additional sequences, excluding the 
additional utility of PSAD [16,21]. 
With improved prostate volume measurement afforded by MR imaging and more accurate 
reference standard of transperineal sector prostate biopsy (TPSB), we revisited the value of 
PSAD. The aim of the present study was to determine the predictive value of MRI-derived 
PSA density (MR-PSAD) for prostate adenocarcinoma, with 24-40 core TPSB as the reference 
standard. Our null hypothesis was MR-PSAD does not confer additional diagnostic benefit 
over conventional serum PSA.  
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Patients and Methods 
This study was approved by the local governance boards as a prospective audit and adheres 
to the Standards for Reporting Diagnostic Accuracy (STARD) [22]. 
Patients 
Consecutive patients from three institutions, referred between January 2007 and August 
2014 for primary TPSB, were considered. Patient data was reviewed from a prospectively-
collected database. Initial patient referral was for elevated PSA and/or abnormal digital 
rectal examination (DRE). Patients who had undergone prior prostate biopsies (trans-rectal 
or transperineal), a PSA >30 mcg/L on presentation or no pre-biopsy MRI available were 
excluded from the study. 
Magnetic Resonance Imaging Protocols (Index Test and Assessment of Prostate Volume) 
Patients underwent a pre-biopsy MRI in one of three centres using 1.5 Tesla machines and 
8-channel phased array body coils. Indication for pre-biopsy MRI included disease staging in 
the event of positive biopsy and more recently, identification of suspicious lesions. All 
protocols included axial oblique, sagittal and coronal T2-weighted imaging and were 
optimised for the staging of prostate cancer. An example T2-weighted MRI protocol is 
shown in Supplementary Table 1. Prostate volume was calculated by a dedicated 
uroradiologist at the respective centre, using the ellipsoid approximation method: /6 x 
length x height x width. MR-PSAD was defined as serum total PSA divided by MRI-derived 
prostate volume [23].  
Transperineal Sector-Guided Prostate Biopsies (Reference Standard) 
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All patients underwent transperineal sector-guided biopsies as previously described by Vyas 
et al., regardless of MRI findings [11]. A total of 24 to 40 cores, preferentially targeting the 
peripheral zone, were taken from the anterior, mid and posterior sectors; additional basal 
cores were taken in prostates greater than 30cc. All cores were analysed by dedicated 
uropathologists, with histological reporting following the classic Gleason grading based on 
most frequent pattern. 
 
Outcomes 
Primary outcomes of interest was any prostate cancer detected by TPSB. Two additional 
outcomes which represented significant cancer were assessed as follows: Gleason pattern 4 
and/or maximum cancer core length (MCCL) of >4mm, referred to as Definition G4 and 
Gleason pattern 4 and/or MCCL >6mm, referred to as Definition G6 [16]. These lengths of 
core involvement were selected as they are representative of a lesion volume of 0.2ml 
(4mm) and 0.5ml (6mm) [24]. These volumes are below the calculated threshold of 1.3ml 
for significant tumour volume, as per the European Randomised study of Screening for 
Prostate Cancer [16,24].  
Data Analysis 
Statistical analyses were performed using MedCalc v12.5 (MedCalc Software bvba, Ostend, 
Belgium). Receiver operator characteristic (ROC) curves were generated and area under the 
curve (AUC) was estimated separately for PSA and MR-PSAD as predictors of each outcome 
of interest. Diagnostic performance for PSA and MR-PSAD were compared based on the 
difference between the two AUCs using the De Long et al. method. Sensitivity, specificity, 
positive predictive value (PPV) and negative predictive values (NPV) with 95% confidence 
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intervals were calculated using the epiR package for R version 3.1.2 (R Project for Statistical 
Computing, Vienna, Austria). Tests were considered statistically significant at p<0.05. 
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Results 
A total of 659 patients were identified from the three study centres. Excluded patients 
included non-primary referral, PSA >30 ng/ml on presentation (n = 20) or no pre-biopsy MRI 
available (n = 13). In total, 374 (56.8%) patients were diagnosed with any cancer, 278 
(42.2%) with Definition G4 cancer and 248 (37.6%) with Definition G6 cancer. Baseline 
demographics are summarised in Table 1. 
ROC curves are shown in Figures 1-3. MR-PSAD was significantly better than total PSA alone, 
for all definitions studied. For any cancer, the area under the curve (AUC) for PSA and MR-
PSAD was 0.61 (95% CI 0.57-0.64) and 0.73 (95% CI 0.70-0.76, p<0.0001*), respectively. For 
Definition G4 significant cancer, the AUC for PSA was 0.66 (95% CI 0.62-0.69) and MR-PSAD 
was 0.75 (95% CI 0.71-0.78, p<0.0001). For Definition G6 significant cancer, the AUCs were 
0.68 (95% CI 0.64-0.71) and 0.77 (95% CI 0.74-0.80, p<0.0001) for PSA and MR-PSAD, 
respectively. Table 2 shows MR-PSAD performance (sensitivity, specificity, positive 
predictive value (PPV) and negative predictive value (NPV)) at different threshold values for 
detecting prostate cancer at different cancer definitions.  
Using a threshold value of 0.1ng/ml/cc would have prevented 166 biopsies, compared to a 
biopsy-all strategy, at the expense of 28 or 20 missed significant cancers, using Definitions 
G4 and G6, respectively. Alternatively, a threshold of 0.15ng/ml/cc would prevent 328 
biopsies, at the expense of 84 or 65 missed significant cancers, using Definitions G4 or G6, 
respectively.   
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Discussion 
We present a contemporary study demonstrating improved prediction of TPSB outcome 
using MR-PSAD, compared to PSA alone. For the prediction of any prostate cancer, we 
demonstrated a significant difference between the ROC curve AUC for MR-PSAD vs PSA 
(0.73 vs 0.61, p<0.0001). Additionally, the AUCs for MR-PSAD were significantly greater 
(P<0.0001) than PSA for two definitions of significant cancer.  
Current PSA screening for prostate cancer is plagued by low specificity; a high proportion of 
men undergo unnecessary prostate biopsy, potentially leading to patient morbidity and 
anxiety [25]. While studies have suggested that PSAD is a better predictor of prostate biopsy 
outcome than PSA uptake in clinical practice has been poor [3,8,26]. Our study makes use of 
MR-derived prostate volumes and TPSB as the reference standard. MR-derived prostate 
volumes represent an improvement both in convenience and accuracy over traditionally 
used transrectal volumes, whereas TPSB are an improvement over transrectal biopsies, with 
enhanced prostate sampling apically and anteriorly [14,19,20]. 
To reduce unnecessary biopsies, MR-PSAD must discriminate between no or low volume, 
insignificant prostate cancer, and significant disease. Sensitivity for MR-PSAD is good; at a 
threshold of 0.1ng/ml/cc, we demonstrate 85.0% sensitivity for any cancer, improving to 
89.9 and 91.9% for our definitions of significant cancer, respectively. Specificity for MR-
PSAD improved as the cut-off values increased; specificity for any cancer at cut-off values 
0.1, 0.15 and 0.2ng/ml/cc were 38.6, 69.1 and 83.5%, respectively. The difficulty lies in the 
selection of an appropriate threshold value. As MR-PSAD threshold values rise, so will false 
negative rates and missed cancers. We note that significant cancers are missed at both the 
0.1 and 0.15ng/ml/cc thresholds. 
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Our study, the largest to utilise MRI-calculated prostate volumes, compares favourably to 
previously published studies, summarised in Table 3 [9,27-31]. Similar AUC values are seen 
across the studies; we note however, wide variation in MR-PSAD cut-off values, sensitivities 
and specificities obtained. The study by Mueller-Lisse et al. appears to be an outlier [29]. 
The authors compared prostate cancer and known benign prostatic hyperplasia (BPH), 
finding high sensitivity and specificity using MR-PSAD at a low cut-off of 0.07ng/ml/cc. This 
low cut-off may arise from the selected population; while the authors did not publish 
average prostate volumes for each group, the BPH group was likely to have particularly low 
MR-PSAD, given their high prostate volumes.  
MR-PSAD compares favourably to previous, large (>1000 patients) PSAD studies utilising 
TRUS-guided volumes and biopsies, although we recognise the difficulties in comparing 
studies given the wide variation in study protocols and populations. Elliot et al. showed in 
1708 men a statistically higher ROC curve AUC for PSAD vs PSA for all cancer (0.737 vs 0.633, 
p<0.001), high grade (Gleason 3+4 or higher) (0.766 vs 0.673, p<0.001) and high volume 
(>50% of cores involved, 0.843 vs 0.755, p<0.001) disease[8]. A cut-off of 0.073ng/ml/cc was 
required to reach 95% sensitivity for high grade cancer. A separate study of 1809 patients by 
Stephan et al. subgrouped PSA into ranges; the ROC curve AUC for PSAD was significantly 
greater than PSA across all groups[26]. When sensitivity was set at 90 or 95%, PSAD had 
significantly higher specificity compared to PSA alone.  
In contrast, a study of nearly 5000 men by Catalona et al. found that at a PSAD cut-off of 
0.15ng/ml/cc, 47% of tumours were missed, with no improvement over PSA [7]. However, 
they highlight difficulty in accurately assessing prostate volume, with poor correlation 
(r=0.61) between estimated TRUS volume and pathological specimen weight. While we did 
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not compare MRI-guided volumes to prostate specimen weights, researchers have 
suggested that MRI can offer improved volume estimation [20].  
With increasing use of pre-biopsy mpMRI to detect clinically significant prostate lesions, the 
difficulty in obtaining volumes for PSAD has diminished. While only T2 sequences are 
required for disease staging and prostate volume assessment, our index test uses a 1.5 Tesla 
magnet and two straightforward and resource-friendly sequences: T2-weighted imaging and 
DWI [16,32]. We recently demonstrated a high sensitivity (97%) for Prostate Imaging – 
Reporting and Data System (PI-RADS) at a threshold score of ≤2[16]; therefore, in the 
absence of contraindications, all our patients now receive mpMRI prior to TPSB. This ability 
of MRI to detect clinically significant lesions has led to its adoption in many centres [33].  
In addition to prostate cancer detection, there is evidence that PSAD can identify patients 
with adverse pathologic features and recurrence following management. Busch et al. 
demonstrated PSAD to be an independent predictor of recurrence-free survival in 1334 men 
undergoing radical prostatectomy [34]. PSAD was significantly increased in patients with 
Gleason >7 tumours, pT3 disease and positive surgical margins. In a separate study of men 
undergoing prostatectomy, Koie et al. found PSAD to be significantly linked with 
extracapsular extension and biochemical recurrence-free survival on multivariate analysis 
[35].  
A practical solution to increase the specificity of MR-PSAD, whilst retaining sensitivity, 
involves combining MR-PSAD with the imaging findings of mpMRI. A recent paper by 
Washino et al.[31] utilised this approach, finding MR-PSAD and PI-RADS score (T2 and DWI) 
to be predictors for prostate cancer on multivariate analysis. Two high risk groups were 
identified: PI-RADS ≥4 and MR-PSAD ≥0.15 and PI-RADS 3 and MR-PSAD ≥0.30, which was 
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associated with the highest clinically significant prostate cancer detection rates (76-97%) 
[31]. In contrast, patients with PI-RADS score ≤2 and MR-PSAD ≤0.15 yielded no clinically 
significant prostate cancer. Similarly, Kubota et al. [28] combined T2-weighted MR-imaging 
and MR-PSAD; MRI results were stratified into two groups: cancerous and non-cancerous. At 
a cut-off of 0.111, MR-PSAD had 96.8% sensitivity and 19.5% specificity. Inclusion of MRI 
findings allowed a greater MR-PSAD cut-off to be used (0.184); sensitivity remained at 
95.2% but specificity doubled to 40.7%. Furthermore, Hansen et al. combined PSAD with 
mpMRI in a repeat biopsy setting [36]. At initial biopsy, patients had no or Gleason 6 
prostate cancer. The authors found a low detection rate of Gleason ≥7 prostate cancer at 
PSAD ≤0.2 ng/ml/cc. This most affected indeterminate (Likert/PI-RADS 3) and high risk 
(Likert/PI-RADS 4-5) lesions. For Likert 3 lesions, the PPV rose from 0.09±0.06 to 0.44±0.19 
when a 0.2 ng/ml/cc PSAD cut-off was used. For Likert 4-5 lesions, PPV rose from 0.47±0.08 
to 0.66±0.10, further highlighting the benefit of PSAD in a pre-biopsy MRI setting [36]. 
The question does remain as to which cohort of patients may benefit most from pre-biopsy 
MRI, and in turn, MR-PSAD, given cost requirements for the procedure. A recent study by 
Klemann et al [37] suggests that the initial biopsy result itself holds important prognostic 
information regarding prostate cancer-specific mortality (PCSM). In patients with PSA 
≤10ng/ml and negative initial biopsy, the cumulative incidence of PCSM was 0.7% at 20 
years. In men with initial negative biopsy and PSA between 10 and 20 ng/ml, this rises to 
3.6% and 17.6% when PSA was ≥20ng/ml [37].  
Based upon this study, the ongoing use of PSA to triage patients for biopsy will continue to 
be important. In these patients with PSA <10, MRI may be of reduced benefit, given the low 
mortality within this cohort of patients; subsequent PSA surveillance and further prostate 
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evaluation can be performed prudently. However, with higher PSA values, incidence of 
PCSM rises, despite negative initial biopsy. In this group of patients, it appears that the 
adoption of pre-biopsy mpMRI and utilisation of factors including MR-PSAD can increase 
PSA specificity. This increase can aid prostate cancer diagnosis in these patients, and 
potentially reduce the number of further biopsies required or allow for specific MRI-
targeting.  
The strengths of our study include a relatively large patient cohort drawn from three UK 
centres. It is limited to patients undergoing primary prostate biopsy; we include all patients 
with a PSA ≤30ng/ml, in contrast to the studies by Kubota and Mueller-Lisse, who only 
included patients with PSA levels ≤10ng/ml [28,29]. Furthermore, as MR-PSAD was 
calculated retrospectively, results did not affect the decision to proceed to biopsy and a 
heterogeneous range of patients have been studied.  
Another strength was the reference standard: whole prostate glands were systematically 
examined by TPSB using 24-40 cores, providing improved diagnostic accuracy over 6-8 core 
transrectal biopsy. As many as a third of significant prostate cancers are missed at initial 
transrectal biopsy, likely due to tumour heterogeneity, as well as the challenges in sampling 
the anterior and apical prostate regions [11-14]. TPSB provides a practical reference 
standard, and allows for systematic interrogation of the prostate. While pathological 
examination of whole prostate specimens would be more accurate, TPSB allows for the 
inclusion of patients with both benign and malignant prostates.  
We recognise the limitations in the retrospective nature of our study. MR-PSAD was 
calculated retrospectively and did not affect decision to biopsy. However, we were unable 
to completely exclude other factors involved in the biopsy decision-making process, e.g. 
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family history, digital rectal examination, etc. Within our population, patients tend to 
present late, with raised PSA and lower urinary tract symptoms (LUTS) often due to benign 
prostatic hyperplasia (BPH). This group of patients will have low PSAD secondary to these 
large volume prostates, potentially biasing towards PSAD utility.  
Data on the use of 5-alpha reductase inhibitors was not available; we do recognise the 
source of bias these medications produce by decreasing both PSA and prostate volume. PSA 
is reduced by a different rate to volume, adding variation to PSAD [38].  Similarly, body mass 
index (BMI) data was not included; obesity can impact both serum PSA values and prostate 
volumes [39]. With lower PSA values and higher volumes, obese men produce lower PSAD 
values, which can positively influence the ability of PSAD to predict prostate cancer [39].  
The ellipsoid method was used for calculation of prostate volume and may account for 
differences in PSAD thresholds used across studies. This calculation does require user 
intervention in measuring the prostate dimensions and is thus subject to inter-observer 
variation [4,5]. A potential solution lies in MRI segmentation for prostate volume 
calculation; fully-automated methods are able to yield highly accurate volumes, and reduce 
this user variation [40]. Despite this limitation, error was reduced by applying the same 
volume calculation across all patients; all prostate dimensions were calculated by senior 
uroradiologists.  
Finally, definitions of ‘significant’ cancers are based on previous study definitions. The long 
term implications of ‘clinically insignificant’ cancer are unknown. There has been a trend 
towards active surveillance of these patients; this management appears to offer a clear 
advantage in observing these patients, while reducing overtreatment and patient morbidity 
[41].  
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In summary, our study shows that MR-PSAD is superior to PSA alone at detecting prostate 
cancer at TPSB. Currently, pre-biopsy mpMRI protocols allow for accurate volume 
determination and PSAD calculation. MR-PSAD is a practical adjunct that allows urologists to 
help risk stratify patients for the presence of any and significant prostate cancer and to 
improve patient counselling prior to prostate biopsy.  
  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Compliance with Ethical Standards 
Funding: No funding was received for this study.  
Conflict of interest: Findlay MacAskill declares that he has no conflict of interest. Su-Min Lee 
declares that he has no conflict of interest. David Eldred-Evans declares that he has no 
conflict of interest. Wahyu Wulaningsih declares that she has no conflict of interest. Rick 
Popert declares that he has no conflict of interest. Konrad Wolfe declares that he has no 
conflict of interest. Mieke van Hemelrijck declares that she has no conflict of interest. Giles 
Rottenberg declares that he has no conflict of interest. Sidath Liyanage declares that he has 
no conflict of interest. Peter Acher declares that he has no conflict of interest.  
Ethical Approval: The study was approved by the local governance board as a prospective 
audit. This article does not contain any studies with human participants or animals 
performed by any of the authors.  
 
References 
1 Draisma G, Boer R, Otto SJ, van der Cruijsen IW, Damhuis RA, Schroder FH, de Koning HJ: 
Lead times and overdetection due to prostate-specific antigen screening: estimates from the 
European Randomized Study of Screening for Prostate Cancer. J Natl Cancer Inst 2003;95:868-878. 
2 Loeb S, Vellekoop A, Ahmed HU, Catto J, Emberton M, Nam R, Rosario DJ, Scattoni V, Lotan 
Y: Systematic review of complications of prostate biopsy. Eur Urol 2013;64:876-892. 
3 Benson MC, Whang IS, Pantuck A, Ring K, Kaplan SA, Olsson CA, Cooner WH: Prostate 
specific antigen density: a means of distinguishing benign prostatic hypertrophy and prostate cancer. 
J Urol 1992;147:815-816. 
4 Nathan MS, Seenivasagam K, Mei Q, Wickham JE, Miller RA: Transrectal ultrasonography: 
why are estimates of prostate volume and dimension so inaccurate? Br J Urol 1996;77:401-407. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
5 Tong S, Cardinal HN, McLoughlin RF, Downey DB, Fenster A: Intra- and inter-observer 
variability and reliability of prostate volume measurement via two-dimensional and three-
dimensional ultrasound imaging. Ultrasound Med Biol 1998;24:673-681. 
6 Pinsky PF, Kramer BS, Crawford ED, Grubb RL, Urban DA, Andriole GL, Chia D, Levin DL, 
Gohagan JK: Prostate volume and prostate-specific antigen levels in men enrolled in a large 
screening trial. Urology 2006;68:352-356. 
7 Catalona WJ, Richie JP, deKernion JB, Ahmann FR, Ratliff TL, Dalkin BL, Kavoussi LR, 
MacFarlane MT, Southwick PC: Comparison of prostate specific antigen concentration versus 
prostate specific antigen density in the early detection of prostate cancer: receiver operating 
characteristic curves. J Urol 1994;152:2031-2036. 
8 Elliott CS, Shinghal R, Presti JC, Jr.: The performance of prostate specific antigen, prostate 
specific antigen density and transition zone density in the era of extended biopsy schemes. J Urol 
2008;179:1756-1761; discussion 1761. 
9 Rais-Bahrami S, Siddiqui MM, Vourganti S, Turkbey B, Rastinehad AR, Stamatakis L, Truong 
H, Walton-Diaz A, Hoang AN, Nix JW, Merino MJ, Wood BJ, Simon RM, Choyke PL, Pinto PA: 
Diagnostic value of biparametric magnetic resonance imaging (MRI) as an adjunct to prostate-
specific antigen (PSA)-based detection of prostate cancer in men without prior biopsies. BJU Int 
2015;115:381-388. 
10 Ayres BE, Montgomery BS, Barber NJ, Pereira N, Langley SE, Denham P, Bott SR: The role of 
transperineal template prostate biopsies in restaging men with prostate cancer managed by active 
surveillance. BJU Int 2012;109:1170-1176. 
11 Vyas L, Acher P, Kinsella J, Challacombe B, Chang RT, Sturch P, Cahill D, Chandra A, Popert R: 
Indications, results and safety profile of transperineal sector biopsies (TPSB) of the prostate: a single 
centre experience of 634 cases. BJU Int 2014;114:32-37. 
12 Koppie TM, Bianco FJ, Jr., Kuroiwa K, Reuter VE, Guillonneau B, Eastham JA, Scardino PT: The 
clinical features of anterior prostate cancers. BJU Int 2006;98:1167-1171. 
13 Sazuka T, Imamoto T, Namekawa T, Utsumi T, Yanagisawa M, Kawamura K, Kamiya N, Suzuki 
H, Ueda T, Ota S, Nakatani Y, Ichikawa T: Analysis of preoperative detection for apex prostate cancer 
by transrectal biopsy. Prostate Cancer 2013;2013:705865. 
14 Mabjeesh NJ, Lidawi G, Chen J, German L, Matzkin H: High detection rate of significant 
prostate tumours in anterior zones using transperineal ultrasound-guided template saturation 
biopsy. BJU Int 2012;110:993-997. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
15 Rouse P, Shaw G, Ahmed HU, Freeman A, Allen C, Emberton M: Multi-parametric magnetic 
resonance imaging to rule-in and rule-out clinically important prostate cancer in men at risk: a 
cohort study. Urol Int 2011;87:49-53. 
16 Grey AD, Chana MS, Popert R, Wolfe K, Liyanage SH, Acher PL: Diagnostic accuracy of 
magnetic resonance imaging (MRI) prostate imaging reporting and data system (PI-RADS) scoring in 
a transperineal prostate biopsy setting. BJU Int 2015;115:728-735. 
17 London Cancer Alliance: LCA Best Practice Prostate Pathway. London, UK, London Cancer 
Alliance NHS, 2015,  
18 Ahmed HU, El-Shater Bosaily A, Brown LC, Gabe R, Kaplan R, Parmar MK, Collaco-Moraes Y, 
Ward K, Hindley RG, Freeman A, Kirkham AP, Oldroyd R, Parker C, Emberton M: Diagnostic accuracy 
of multi-parametric MRI and TRUS biopsy in prostate cancer (PROMIS): a paired validating 
confirmatory study. Lancet 2017;389:815-822. 
19 Choi YJ, Kim JK, Kim HJ, Cho KS: Interobserver variability of transrectal ultrasound for 
prostate volume measurement according to volume and observer experience. AJR Am J Roentgenol 
2009;192:444-449. 
20 Lee JS, Chung BH: Transrectal ultrasound versus magnetic resonance imaging in the 
estimation of prostate volume as compared with radical prostatectomy specimens. Urol Int 
2007;78:323-327. 
21 Abd-Alazeez M, Ahmed HU, Arya M, Charman SC, Anastasiadis E, Freeman A, Emberton M, 
Kirkham A: The accuracy of multiparametric MRI in men with negative biopsy and elevated PSA 
level--can it rule out clinically significant prostate cancer? Urol Oncol 2014;32:45 e17-22. 
22 Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig L, Lijmer JG, Moher D, 
Rennie D, de Vet HC, Kressel HY, Rifai N, Golub RM, Altman DG, Hooft L, Korevaar DA, Cohen JF: 
STARD 2015: an updated list of essential items for reporting diagnostic accuracy studies. BMJ 
2015;351:h5527. 
23 Littrup PJ, Williams CR, Egglin TK, Kane RA: Determination of prostate volume with 
transrectal US for cancer screening. Part II. Accuracy of in vitro and in vivo techniques. Radiology 
1991;179:49-53. 
24 Ahmed HU, Hu Y, Carter T, Arumainayagam N, Lecornet E, Freeman A, Hawkes D, Barratt DC, 
Emberton M: Characterizing clinically significant prostate cancer using template prostate mapping 
biopsy. J Urol 2011;186:458-464. 
25 Shariat SF, Roehrborn CG: Using biopsy to detect prostate cancer. Rev Urol 2008;10:262-280. 
26 Stephan C, Stroebel G, Heinau M, Lenz A, Roemer A, Lein M, Schnorr D, Loening SA, Jung K: 
The ratio of prostate-specific antigen (PSA) to prostate volume (PSA density) as a parameter to 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
improve the detection of prostate carcinoma in PSA values in the range of < 4 ng/mL. Cancer 
2005;104:993-1003. 
27 Hoshii T, Nishiyama T, Toyabe S, Akazawa K, Komatsu S, Kaneko M, Hara N, Takahashi K: 
Evaluation of magnetic resonance imaging-based prostate-specific antigen density of the prostate in 
the diagnosis of prostate cancer. Int J Urol 2007;14:305-310. 
28 Kubota Y, Kamei S, Nakano M, Ehara H, Deguchi T, Tanaka O: The potential role of prebiopsy 
magnetic resonance imaging combined with prostate-specific antigen density in the detection of 
prostate cancer. Int J Urol 2008;15:322-326; discussion 327. 
29 Mueller-Lisse UG, Mueller-Lisse UL, Haller S, Schneede P, Scheidler JE, Schmeller N, 
Hofstetter AG, Reiser MF: Likelihood of prostate cancer based on prostate-specific antigen density 
by MRI: retrospective analysis. J Comput Assist Tomogr 2002;26:432-437. 
30 Peng Y, Shen D, Liao S, Turkbey B, Rais-Bahrami S, Wood B, Karademir I, Antic T, Yousef A, 
Jiang Y, Pinto PA, Choyke PL, Oto A: MRI-based prostate volume-adjusted prostate-specific antigen in 
the diagnosis of prostate cancer. J Magn Reson Imaging 2015 
31 Washino S, Okochi T, Saito K, Konishi T, Hirai M, Kobayashi Y, Miyagawa T: Combination of 
PI-RADS score and PSA density predicts biopsy outcome in biopsy naive patients. BJU Int 2016 
32 Barentsz JO, Richenberg J, Clements R, Choyke P, Verma S, Villeirs G, Rouviere O, Logager V, 
Futterer JJ: ESUR prostate MR guidelines 2012. Eur Radiol 2012;22:746-757. 
33 Futterer JJ, Briganti A, De Visschere P, Emberton M, Giannarini G, Kirkham A, Taneja SS, 
Thoeny H, Villeirs G, Villers A: Can Clinically Significant Prostate Cancer Be Detected with 
Multiparametric Magnetic Resonance Imaging? A Systematic Review of the Literature. Eur Urol 
2015;68:1045-1053. 
34 Busch J, Hamborg K, Meyer HA, Buckendahl J, Magheli A, Lein M, Jung K, Miller K, Stephan C: 
Value of prostate specific antigen density and percent free prostate specific antigen for prostate 
cancer prognosis. J Urol 2012;188:2165-2170. 
35 Koie T, Mitsuzuka K, Yoneyama T, Narita S, Kawamura S, Kaiho Y, Tsuchiya N, Tochigi T, 
Habuchi T, Arai Y, Ohyama C, Tobisawa Y: Prostate-specific antigen density predicts extracapsular 
extension and increased risk of biochemical recurrence in patients with high-risk prostate cancer 
who underwent radical prostatectomy. Int J Clin Oncol 2015;20:176-181. 
36 Hansen NL, Barrett T, Koo B, Doble A, Gnanapragasam V, Warren A, Kastner C, Bratt O: The 
influence of prostate-specific antigen density on positive and negative predictive values of 
multiparametric magnetic resonance imaging to detect Gleason score 7-10 prostate cancer in a 
repeat biopsy setting. BJU Int 2016 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
37 Klemann N, Roder MA, Helgstrand JT, Brasso K, Toft BG, Vainer B, Iversen P: Risk of prostate 
cancer diagnosis and mortality in men with a benign initial transrectal ultrasound-guided biopsy set: 
a population-based study. Lancet Oncol 2017;18:221-229. 
38 McConnell JD, Bruskewitz R, Walsh P, Andriole G, Lieber M, Holtgrewe HL, Albertsen P, 
Roehrborn CG, Nickel JC, Wang DZ, Taylor AM, Waldstreicher J: The effect of finasteride on the risk 
of acute urinary retention and the need for surgical treatment among men with benign prostatic 
hyperplasia. Finasteride Long-Term Efficacy and Safety Study Group. N Engl J Med 1998;338:557-
563. 
39 Kim JH, Doo SW, Yang WJ, Lee KW, Lee CH, Song YS, Jeon YS, Kim ME, Kwon SS: Impact of 
obesity on the predictive accuracy of prostate-specific antigen density and prostate-specific antigen 
in native Korean men undergoing prostate biopsy. Int J Urol 2014;21:987-990. 
40 Turkbey B, Fotin SV, Huang RJ, Yin Y, Daar D, Aras O, Bernardo M, Garvey BE, Weaver J, 
Haldankar H, Muradyan N, Merino MJ, Pinto PA, Periaswamy S, Choyke PL: Fully automated prostate 
segmentation on MRI: comparison with manual segmentation methods and specimen volumes. AJR 
Am J Roentgenol 2013;201:W720-729. 
41 Dall'Era MA, Cooperberg MR, Chan JM, Davies BJ, Albertsen PC, Klotz LH, Warlick CA, 
Holmberg L, Bailey DE, Jr., Wallace ME, Kantoff PW, Carroll PR: Active surveillance for early-stage 
prostate cancer: review of the current literature. Cancer 2008;112:1650-1659. 
 
 
  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Figure Legends 
Figure 1: PSA and MR-PSAD ROC Curve for Any Prostate Cancer 
Figure 2: PSA and MR-PSAD ROC Curve for Definition G4 Significant Prostate Cancer 
Figure 3: PSA and MR-PSAD ROC Curve for Definition G6 Significant Prostate Cancer 
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Figure 1 Click here to download Figure Figure 1.tif 
Figure 2 Click here to download Figure Figure 2.tif 
Figure 3 Click here to download Figure Figure 3.tif 
Table 2: Baseline demographics of 659 men undergoing MRI and TPSB.  
Variable All patients, n=659 
Age, years (mean ± SD) 62.5 ± 8.6 
PSA, ng/ml (median (range)) 6.7 (0.5-40.0) 
Prostate Volume, cc (median (range)) 40 (7-187) 
PSA Density, ng/ml/cc (median (range)) 0.15 (0.019-1.3) 
Any cancer on TPSB, n (%) 374 (56.8%) 
Definition G4: Gleason 4 and/or MCCL ≥4mm on TPSB, n (%) 278 (42.2%) 
Definition G6: Gleason 4 and/or MCCL ≥6mm on TPSB, n (%) 248 (37.6%) 
Number with no cancer on TPSB, n (%) 285 (43.2%) 
 
Table 1 Click here to download Table Table 1.docx 
Table 3: Performance characteristics of MR-PSAD with a threshold values of 0.10, 0.15 and 0.20 
ng/ml/cc to detect and rule out prostate cancer at multiple levels of significance 
Characteristic Sensitivity,  
(95% CI) 
Specificity, 
(95% CI) 
Negative 
Predictive Value,  
(95% CI) 
Positive 
Predictive Value, 
(95% CI) 
Threshold = 0.1 ng/ml/cc 
Any cancer 85.0 (80.9-88.4) 38.6 (33.0-44.5) 66.3 (58.5-73.3) 64.5 (60.1-68.7) 
Definition G4 89.9 (85.6-93.1) 36.2 (31.4-41.3) 83.1 (76.4-88.3) 50.7 (46.2-55.2) 
Definition G6 91.9 (87.6-94.9) 35.5 (30.9-40.4) 88.0 (81.8-92.3) 46.2 (41.8-50.8) 
Threshold = 0.15 ng/ml/cc 
Any cancer 65.0 (59.9-69.8) 69.1 (63.4-74.4) 60.1 (54.5-65.4) 73.4 (68.2-78.0) 
Definition G4 69.8 (64.0-75.1) 64.0 (59.0-68.8) 74.4 (69.2-79.0) 58.6 (53.1-63.9) 
Definition G6 73.8 (67.8-79.1) 64.0 (59.1-68.6) 80.2 (75.4-84.3) 55.3 (49.7-60.7) 
Threshold = 0.2 ng/ml/cc 
Any cancer 48.4 (43.2-53.6) 83.5 (78.6-87.5) 55.2 (50.4-60.0) 79.4 (73.4-84.3) 
Definition G4 55.4 (49.3-61.3) 80.6 (76.2-84.4) 71.2 (66.7-75.4) 67.5 (61.0-73.5) 
Definition G6 58.9 (52.5-65.0) 80.0 (75.8-83.7) 76.3 (72.0-80.2) 64.0 (57.4-70.2) 
 
Table 2 Click here to download Table Table 2.docx 
Table 4: Summary of pertinent MR-PSAD studies 
Study Patient Population Tests Results 
Hoshii et 
al., 200720  
120 patients 
PSA 4.1-20 ng/ml 
Primary Referral 
MRI: T1 and T2 
Volume Calculation: Segmentation 
Reference Standard: 10-core 
transrectal biopsy 
AUC 0.760 (95% CI 0.671-0.849) 
At threshold of 0.15: Sensitivity 90.6%, 
Specificity 38.8% 
Kubota et 
al., 200821 
185 patients 
PSA 4.0-10.0ng/ml 
Primary Referral 
MRI: T2 
Volume Calculation: Segmentation 
Reference Standard: 8-core transrectal 
biopsy 
AUC 0.718 
At threshold of 0.184: Sensitivity 77.4%, 
Specificity 66.7% 
 
Mueller-
Lisse et 
al., 200222 
59 patients 
2 groups: Prostate 
cancer and BPH 
PSA ≤10.0 ng/ml 
Primary Referral 
MRI: T2 
Volume Calculation: Segmentation 
Reference Standard: Transrectal biopsy 
(Number of cores not documented) 
Odds Ratio 71.3 (95% CI, 11.8-430.9) 
Threshold 0.07 
MR-PSAD correctly identified 15/17 prostate 
cancer and 38/42 BPH 
Peng et 
al., 201523 
161 patients 
Primary Referral 
MRI: T2, DWI and DCE 
Volume Calculation: Segmentation 
Reference Standard: 12 core 
transrectal biopsy (all patients); radical 
prostatectomy (cancer patients) 
AUC 0.62 ± 0.05 for any cancer 
AUC 0.62 ± 0.05 for high Gleason cancer 
Rais-
Bahrami 
et al., 
201513 
143 patients 
Primary Referral 
MRI: T2 and DWI 
Volume Calculation: Not documented 
Reference Standard: 12-core 
transrectal biopsy 
AUC 0.740 (Cut-off 0.15) 
Sensitivity 42.9%, Specificity 86.4%, PPV 
81.8%, NPV 51.5% 
Washino 
et al., 
201624 
288 patients 
Primary Referral 
MRI: T2 and DWI 
Volume Calculation: 
Reference Standard: 16-18 core TSPB 
AUC 0.815 (95% CI 0.767-0.863) 
Independent predictor of prostate cancer on 
multivariable logistic regression analysis.  
 
 
Table 3 Click here to download Table Table 3.docx 
Table 1: Example T2-weighted MRI Protocol 
Parameter 
TR, 
ms 
TE, 
ms 
Flip angle, 
degrees Plane 
Section 
thickness, 
mm Matrix 
Field of 
view, mm 
Scan 
time, 
min 
Centre 1 
T2 TSE 3960 120 90 Axial oblique 3* 288 x 288 200 x 200 5:09 
4560 120 90 Sagittal 3 384 x 384 240 x 240 3:16 
3780 120 90 Coronal 3 288 x 288 200 x 200 4:55 
*1-mm intersection gap. Data from GE Signa Excite 1.5T, 8-channel phased array coil. TE, echo time; TR, 
repetition time; T2 TSE, T2-weighted turbo spin echo.  
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